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Abstract

Organic rich, low permeability formations in many locations throughout North America contain significant volumes of natural gas, but
not until the early 1990s was it deemed practical to extract this gas resource in economic quantities. Hydrofracturing, pioneered by
Mitchell Energy Company on the Barnett Shale in East Texas, demonstrated the technical feasibility of developing these tight
formations along with horizontal drilling techniques that resulted in high-volume yields from wells that previously did not flow at
rates sufficient to recover the initial investment of drilling. Development of these tight formations using hydrofracturing and
horizontal drilling has transformed the North American natural gas industry, and has added, by some estimates, at least another 200
years of reserves at the present rate of natural gas consumption.

Individual wells, however, in most circumstances, do not have an extended economic lifetime as yields from these fracture-stimulated
wells generally decline quickly and new wells must be drilled and fractured. The substantial investment in well design, installation and
reservoir stimulation should not be abandoned, however, as many of these wells can be converted into thermal mining wells, yielding
geothermal energy on a sustainable basis for as long as the well casing and well integrity can be maintained. Parametric analysis of
typical wells indicates that each well cluster contains and can yield from ten million to eighty million barrels of oil equivalent in
extractable thermal energy, and there are several thousand promising candidate wells for this procedure. As important as is
demonstrating the extractable thermal energy from these wells is that these thermal yields are renewable over reasonable time frames,
making the potential energy production from these wells in geothermal energy many times greater than the BTU content of the natural
gas originally produced from the wells.


https://webmail.aapg.org/owa/redir.aspx?C=9a3f66cae734464b893b6190c38e3e07&URL=mailto%3abruce.cutright%40beg.utexas.edu�

N

f Hydrofracked Reservoirs

Energyj uction

-
£ '..‘
A g
w]!l

I

e\

[y = | ' : -

BN R =
Bruce L. Cutright |
Bureau of Economic Geology
University of Texas, Austin Texas
April 24", 2012 AAPG Long Beach, CA =~ —




ACKNOWLEDGEMENTS:
This project is the result of an extension of work conducted within the
National Geothermal Database Development Project, Funded by the US

Department of Energy and additional research conducted at the Bureau of
Economic Geology, University of Texas, Austin, Texas

The author thanks Dr. David Blackwell, SMU, for discussions that lead to the

project concept and for the support of the following people at the Bureau of
Economic Geology:

William Ambrose, Research Scientist
Cole Smith Research Assistant (now at
the Colorado School of Mines)

Matt Uddenberg Graduate Research
Assistant (1/2 Time)

Kyle Kampa Research Assistant (1/3
time)

Adam Stater Research Assistant

’i |ii“l||’ll; T

i

i
1=
i “

d||‘

YT

I
3.

LB B8RS §j

-
y

o 1
4||‘||'
e '
.e:: i

d
I PL

N C ‘-:‘1 A T \_- ‘:, g |=r
e
W

5
4
1
i

Vs
‘:

|
™,



ional Geothermal
Data System

Novada Burosu o SMU/Siemens - Well log data

Mines & Geology lllinois State

Geological Survey integ ration workflow

MLKay
Database

43k scanned
well logs a=
TIF im =t Automated

-1 = oL = n I = f
which additiona) well logs
should be scanned.

135k pages

tickets for




A Review: Interest in Geothermal Energy has
been revived by two important investigations:

1. The Future of Geothermal Energy (2006) known as the MIT Study.
» focused on Engineered Geothermal Systems; i.e., hydrofracked
reservoirs, but predominantly in crystalline rock.
» concluded that there may be available for extraction the equivalent
of 2000 times the annual energy consumption of the United States

2. Geothermal Risk Mitigation Strateqgies Report; (2008) known as the
Deloitte Study
» QOriginated as a result of the MIT Study.
> “Iif the MIT Study says geothermal is such a great idea, why aren’t
we investing more in development”?

» Concluded development was not occurring because;
> A lack of transmission infrastructure
» A Lack of reliable information
» Alack of policy continuity and clarity
» Perceived high risk in early development




Engineered Geothermal Systems and the Transformation of Hydrofracted Natural
Gas Reservoirs to Geothermal Energy Production

The Deloitte Study identified these key concerns:

» A lack of transmission infrastructure

» A Lack of reliable information

» A lack of policy continuity and clarity

» Perceived high risk in early development

» Densely drilled wells, some as close as every 40 acres, and located in
urban areas addresses the concerns of transmission infrastructure

» The soon to be available database addresses the need for reliable
information on the subsurface, and

» Reduces the uncertainties, and therefore the perceived risk in the
early development phase

> In Texas, the legal definition of geothermal heat as a mineral resource
has provided some needed clarity in regulatory policy



The Transformation of Hydrofracked Reservoirs to

Geothermal Energy Production

.  KEY QUESTIONS:

A. Stored Heat, how much is present

B. Extractable Heat, i.e., what can be recovered from the
subsurface formation, and surrounding units, for use at the
surface?

C. What is the Conversation Efficiency at the Surface? From
thermal energy to electricity, what about entrained gas? What
about excess pressure?

D. Can Individual Extraction Points be Integrated into a Distributed
Energy Generating System?

E. Does Any of This Make Economic Sense? Is Geothermal

Energy from Deep Sediments Economically Competitive with
Coal, Natural Gas, Wind, Solar, Biofuels?
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Comparison of Total System Levelized Cost for Various Methods of
Electricity Generation

($/KWhr)

50.3118

Source: DOE-EIA Annual Energy Report,
010 and Lazard Capital Marke 008
$0.2107 Note: that this cost estimate includes the
costs of production and injection well
drilling in the geothermal option.

50.1035  $0.1017 90970 $0.0948

$0.0864

$0.0661  $0.0631




Engineered Geothermal Systems and the Transformation of Hydrofracted
Natural Gas Reservoirs to Geothermal Energy Production

In our efforts to estimate the magnitude of
the (known) resource, we may have
neglected a viable area that is now being
developed by the natural gas industry and
specifically by the hydrofracturing process
of developing tight gas formations.

...It Is always easier to leverage other
peoples effort, and investment....



* Reservoir improvement using hydrofracing
techniques has completely transformed the
natural gas industry.

— Mitchell Energy created a revolution in the
petroleum industry.

— Pre-Mitchell Energy, Fenton Hill failed, because of
Inadequate technology, and experience.

— Cooper Basin, Australia is struggling, because of a lack of
technology transfer.



‘Woodford %"

Mancos Barnett

Gas production from the Haynesville/Bossier is from
depths where formation temperatures are well above
250 OF



Engineered Geothermal Systems and the Transformation of
Hydrofracted Natural Gas Reservoirs to Geothermal Energy Production

S0, how do we assess the significance of
this potential geothermal resource?
— Early work in extracting olil from oll shales In
the 1970s and 1980s provided good

Information on heat-rock interactions for In-
Situ retort processes.

— Reverse this process, and heat extraction can
be calculated.
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Current Haynesville Shale Type Curve — By
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*Petrohawk’s estimated type curve for wells produced typically on a 24/64" choke

There is a serious problem, however, with

production from the fractured shale reservoirs.



10,000 1

\\ Gross Well
\ EUR Costs Royalty | F&D Cost ROR
\ (Bcfe) (millions) (per mecfe) | ($6 NYMEX)
Range Marcellus 4.4 $3.5 15% $0.95 64%

\\ \\ Fayetteville Core 2.5 $2.7 16% $1.29 52%

Barnett Core 2.5 $2.3 25% $1.22 39%

Haynesville Core 7.5 $8.5 25% $1.51 36%

e
:

100

# of Months

| —— Haynesville == Marcellus Barnett Fayetteville |

= Type curves for Barnett, Fayetteville and Haynesville based on public production information

= Zero time ctyre-far Marcaluscbasedwrmraduefion results from 24 Range wells only
& Gas Evaluation Report. March 17, 2010
E1 Range Resources Developing Unconventional Gas - East | October 19, 2009 | 13




Monthly Gas Rate, Mscf

1,000,000

100,000

10,000

{aynesville — Ultimate Recovery & Economics

Normalized Haynesville Production Rate Decline
Average of 44 Wells With 12 Months or More of Data

EUR Extrapolation Dependence on Assumed b Factor ol
EUR=4.4 Bcf withb=1.0

Months from Start of Production

Breakeven Gas Price, $/MMBtu @ Wellhead

24 30 36 42 48 =L OU YA

(at 10% Discount Rate)

/ N\

EUR Scenario

EUR/Well, Bef |f Full Cycle

Group Avg, Projected w/b=0

Group Avg, Projected w/ b =0.5

Group Avg, Projected w/b =1.0

Operator View, 14 MMsfd IP, b=1.07

23 S8MM/well, $5,000/acre,
3.0 120 acre/well, % of land
4.4 leased is fully developed

6.5




Reservoir located at 9,000 — 14,000 ft &7

B
]

4-8 horizontal wells from each multi-
well pad

3,000 — 5,500 ft lateral sections

Average drilling time per well currently Gy,
40 days v Courtesy of

Utilising horizontal drilling and STATOIL 2010

hydraulic fracturing technology

, o _ Producing from the Eagle Ford
Decline from initial production rate but

long tail production

595,000 acres of Enduring land already
held by production (100%)
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e Example of Barnett
Shale density of
laterals (Dallas-
Tarrant county line —

DFW airport)

Source Courtesy of Driilinginfo
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3rd Quartile

2nd Quartile

1st Quariile

Perforations

Fracture orientation is controlled by in-situ stress field and
formation fractures, joints and layering. Unfortunately, micro-
seismic events do not (always) indicate extent of fracture.
However, they do indicated the potential for fracture extension.



Fractured Reservoir Volume Created by Hydrofracturing Tight

Shales

.

yd

,,/
=

|

mﬁn
=
3
o
£
=
o
=
=
o
>
e
o
0
(o)
(14

-
"

|

|_—

//
.
—— |

1,500.00 2,000.00 2,500.00 3,000.00
Fractured Radius (M)

3,500.00

—e—20.00
—=—40.00
——60.00
80.00
—+—100.00
—e—160.00
—+—200.00

Formation
Thickness (M)




Thermal Energy in Bbls of Oil Equivalent
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The Transformation of Tight Shale Gas Reservoirs to
Geothermal Energy Production

Extractable Thermal Energy in Barrels of Oil Equivalent
in Fractured Reservoir at 2 % Efficiency Delta T=150C

Reservoir Dimensions:

Length 1,000to 100,000 Meters
Width 500 to 66,000 Meters
Thickness 20 to 200 Meters

Barrels of Oil Equivalent

ltaT=50C

//
e
|

8.00 10.00
Reservoir Volume in KM3







Gas Shale Basin

Fayetteville

Haynesuville

Marcellus

Woodford

Estimated Basin Area, Square Miles

9,000

9,000

95,000

11,000

Depth Range, low ft.

1,000

10,500

4,000

6,000

Depth Range, High, ft

7,000

13,500

8,500

11,000

hickness, Range low, ft

20

200

50

120

hickness, Range, High, ft.

300

220

otal Porosity

0.06

0.06

ell Spacing, Acres, low

60

80

40

40

640

ell Spacing, Acres, High

160

160

560

160

640

Reservoir Volume, low, cubic meters

3.95E+11

1.42E+11

1.42E+12

3.75E+12

1.04E+12

Reservoir Volume, high, cubic meters

2.37E+12

1.42E+12

2.13E+12

1.50E+13

1.91E+12

Range, Formation Temperature, °F

175-225

100-200

275-350

100-200

150-275

Delta T (from high T)

50

50

50

50

50

eat in place Joules

1.43E+20

3.87E+19

1.12E+21

9.69E+20

5.51E+20

ilowatt hours (tot)

3.99E+13

1.08E+13

3.11E+14

2.69E+14

1.53E+14

Megawatt hours (tot)

3.99E+10

1.08E+10

3.11E+11

2.69E+11

1.53E+11

w per yr over 20 yr

227,516

61,399

1,775,036

1,536,273

873,641

Deliverable power MW

2,275

614

17,750

15,363

8,736




The Transformation of Tight Shale Gas Reservoirs to
Geothermal Energy Production

The Haynesville has a basin area of 9,000
square miles

Average depth Is between 10,500 and 13,500
Average thickness is 250 feet, feet
With bottom hole temperatures above 250 °F

The potentially extractable thermal energy
In this formation alone is 17,000+
Megawatts! (2.4 x 10° BOE)



Comparison of Total System Levelized Cost for Various Methods of
Electricity Generation
($/KWhr)

50.3118

Source: DOE-EIA Annual Energy Report,
2010 and Lazard Capital Markets, 2008

$0.2107 Note: that this cost estimate includes the
costs of production and injection well
drilling in the geothermal option.

$0.1245 $0.1139
: $0.1094
$0.1035 $0.1017 0 0970 $0.0948




IGOR Bottom HoleTemperature
Database - October, 2011

Uncorrected Deg F
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[ Figure 1, Loucks, 1879
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It Is worth emphasizing that, even if a fraction of this

energy Is recoverable, then there Is no reason to

expect any energy shortage for the next several
centuries! This is 1.56 Trilliori barrels of oil equivalent

Texas Gulf Coast
High Potential

TOT ENERGY
Equivalent Installed

Capacity in MW for 3C Equivalent Installed

TOT THERMAL ENG

TOT METHANE ENG
Equivalent Installed

Geo_thermal Total Energy yrs Capacity in MW Capacity in MW Total Thermal Total Methane  Total Methane
Fairways Area Total Energy (BBLs of ail (MWhrs/(hrs per (MWhrs/(hrs per (MWhrs/(hrs per Energy Energy Energy
Sq km (Joules) equivalent) year*30*90%), year*360*90%)) year*30*90%)) (Joules) (MMSCF) (Joules)

Zapata

Duval
Live Oak
DeWitt

Colorado

REWIS| 4,486 3.43E+21
y WilSerdcieis) 7,808 | 5.36E+21
FICEE] 2,968 2.46E+21

Corpus Christi

663

3.16E+20

Matagorda 2.19E+20

Brazoria JE¥s1s1e] 9.26E+20

Armstrong 2.08E+20

| srserin |

8.78E+11
4.04E+11
5.18E+10
3.59E+10
1.52E+11

| saieri0 /|

1.83E+05,

1.01E+Qb6 6.88E+05 3.26E+05 5.86E+20

6o

_s.7offvos
| sofevos
o 3E+06
- .29E+06

2.89E+06
3.71E+05
2.57E+05
1.09E+06
2.44E+05

1.22E+05

1.20E+05
2.45E+05
3.71E+05
2.61E+06
4.15E+06
2.27E+06
2.92E+05
1.90E+05
8.66E+05
1.77E+05

6.10E+04

4.66E+04
1.25E+05
1.56E+05
1.42E+06
2.14E+06
6.27E+05
7.88E+04
6.70E+04
2.22E+05
6.70E+04

1.04E+20
1.02E+20
2.09E+20
3.16E+20
2.22E+21

1.93E+21
2.49E+20
1.62E+20
7.37E+20
1.51E+20

4.72E+07 5.19E+19

2.52E+08
3.61E+07
9.65E+07

1.21E+08
1.10E+09

3.54E+21 1.65E+09 1.82E+21

2.77E+20
3.97E+19
1.33E+20
1.21E+21

5.34E+20
6.71E+19
5.71E+19
1.89E+20

5.19E+07 5.71E+19

4.85E+06 3.79E+06 1.06E+06 3.23E+21 8.22E+08 9.04E+20

: ZONC] 5992 | aisev2n |  asseros  37oevos  106Ev05  3.23E+21 |
1.11E+07 7.95E+06 3.20E+06 6.77E+21 2.47E+09 2.72E+21

Total Frio + Wilcox kcRs{ele] 9.49E+21

Notes:
1 std cubic foot of natural gas contains 1.1 x 10° joules

1 std barrel of crude oil contains 6.1 x 10° joules
The AAPG defines a "Giant" oil field as one that has at least 500 million barrels of oil. Using this definition, the Wilcox and Frio Fairways have the equivalent of 3,110 "Giant" oil fields remaining

in extractable energy
Note on Scientific Notation. 1,000,000 is 1X10° and is represented in this table as E+6 (Millions,) E+9 is Billions, E+12 is Trillions. Using as an example the bottom number of column 3, the

total energy in barrels of oil equivalent in the Frio and Wilcox Formation is 1.56 Trillion barrels.

6.78E+11
1.56E+12

Ref: Esposito, A. and C. Augustine. Geopressured Geothermal Resource and Recoverable Energy Estimate for the Wilcox and Frio Formations, Texas. GRC Transactions, vol. 35, October, 2011.
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